His research focuses on organizational principles of cortical connectivity and the computational modeling of connectivity-based brain activity.
Anatomical cortico-cortical connections underlie the communication of different brain regions and form the structural basis of the distributed sensory, motor, and cognitive abilities of the brain. They can be characterized by a number of invasive or noninvasive experimental approaches.
In animal models (e. g., the brain of the mouse, the cat, or nonhuman primates), structural connections between brain regions can be identified by invasive, tracer-based approaches. Tracers, such as HRP-WGA (horseradish peroxidase-wheat germ agglutinin) or BDA (biotinylated dextran amine), are injected into a target region from where they travel by biological transport mechanisms either to the cell bodies of the projection neurons (retrograde transport) or to the axonal terminals (anterograde transport). Advantages of this approach are the detailed visualization and characterization of projections at single-cell resolution, also allowing for an estimation of anatomical projection strength, that is, the relative number of axons in a connection. Further, one can determine the direction of projections (from the injection site, or to the injection site) as well as the laminar distribution of projection origins and terminations in the cortical layers (. Fig. 1a, b, c) . Moreover, electron microscopic investigations can establish connectivity at the synaptic level. As a drawback, however, these histological approaches can be applied to the human brain only in exceptional cases [15] .
By contrast, macroscopic connectivity of the living human brain can be estimated indirectly on the basis of diffusion imaging and computational modeling by tractographic models (. Fig. 1b) . In these models, connections are inferred on the basis of heuristic assumptions. This approach may lead to false-negative as well as false-positive connection inferences, limiting the reliability of the method. Nonetheless, the approach has been widely used during the last years, because the method can be applied in vivo, offering the possibility of studying connectivity in conjunction with cognitive processes, behavior, aging, genetic predictors, and environmental factors as well as other factors. Therefore, diffusion imaging is part of several population studies (e. g., the Human Connectome Project: http:// www.humanconnectomeproject.org, the UK Biobank: http://www.ukbiobank. ac.uk/imaging-scanning-study/ and the 1000Brains Study: http://www.fzjuelich.de/inm/inm-1/EN/Forschung/ 1000_Gehirne_Studie/1000_Gehirne_ Studie_node.html).
The empirical connectivity studies form the basis of network descriptions of the brain. The extensive investigation of the organization of cortical connectivity of the human and nonhuman brain has identified and mathematically described several general topological features (e. g., [30, 31] ). For example, cortical networks have a specific, nonrandom organization and are structured into dense modules of linked regions. Moreover, these brain networks show a heterogeneous distribution of connections, in which some central nodes ("hubs") have substantially more connections than other nodes. Modules and hubs are combined in hub modules, socalled "rich clubs" [33, 35] . Despite the existing knowledge about such complex topological characteristics, the relation of fundamental connectivity features, such as the presence or absence of specific connections between cortical regions, to the different architectonic parameters is less clear.
Mathematical models based on connectivity diffusion imaging have to be anatomically verified to avoid misinterpretation. As mentioned, this is particularly difficult for the human brain. However, the method of three-dimensional polarized light imaging (3D-PLI; [3, 27] ) allows correlating the results of in vivo diffusion imaging and postmortem histology [13] . 3D-PLI utilizes the birefringence properties of myelin sheaths and is capable of resolving multiple scales of connectivity, from the micrometer scale of single axons to macroscopic connections (. Fig. 2 ).
Cortical architecture
The characterization of different areas of the cerebral cortex by their regionally varying cyto-or myeloarchitecture is a classical approach of neuroanatomy [1, 25, 38] . Important criteria for the demarcation of areas are the density of neurons in the different cortical layers as well as the appearance of specific layers, for instance, a layer IV of granular Abstract Brain regions of the cerebral cortex differ in their cytoarchitecture as well as in the intrinsic connectivity within an area and the organization of macroscopic connections between different cortical areas. Nonetheless, it is not clear which rules underlie the relationship of cellular and fiber architecture, and how the characteristic cortical microand macro-connectivity are related to each other. In order to identify principles of cortical connectivity, we systematically investigate various parameters of cortical architecture and their relation to the organization of anatomical connections among cortical areas. Characteristic parameters of cortical architecture include the differential density and distribution of neurons and neuron types across the layers of cortical areas, as well as the regional distribution of different receptors of neurotransmitter systems. The cytoarchitectonic characterization of the brain is a classic approach of neuroanatomy, which recently has been supplemented by new techniques for labeling specific neural components as well as novel optical and analytical approaches. However, the systematic quantitative acquisition of architectonic and morphological parameters of the human brain has only just begun. It is a fundamental challenge to gather and quantify the extremely extensive and detailed histological data ("big data") by novel image processing techniques. This challenge is taken up in the BigBrain project. Extensive anatomical data already exist for a number of animal models, for example, the brains of nonhuman primates, the cat or the mouse. However, for each single parameter it has to be demonstrated how far these data can be generalized across species. Previous analyses support the notion that the regionally specific cytoarchitecture of the cerebral cortex is closely linked to the existence and the laminar projection patterns of corticocortical connections. These results imply systematic relationships between the patterns of macroscopic connections among cortical areas and the regionally specific intrinsic circuitry within cortical areas. Such relations are the basis of generic models of multiscale cortical connectivity, which reflect essential anatomical and functional properties of mammalian cortical organization. [12] . In the last few decades, these approaches have been complemented by a systematic characterization of the neurotransmitter receptor architecture of the brain [37] . Despite the long tradition of the architectonic characterization of the cortex, there have been few efforts to systematically quantify the cortical architecture of the human brain ( [34] ; . Fig. 3 ). This challenge is now being addressed by a combination of classical histological approaches with image processing techniques, statistical methods, machine learning and supercomputational algorithms. Some examples are given in the next few sections. [14] . The dataset facilitates a systematic, quantitative characterization of cortical architecture independent of the original histological plane of sectioning.
Keywords
The JuBrain Atlas [1] is based on cytoarchitectonic analyses of cortical areas and subcortical nuclei. The atlas contains probabilistic maps of anatomical structures that were mapped in histological serial sections of ten postmortem brains and co-registered in MNI space. The data can be used, for example, to interpret the topography of findings from in vivo neuroimaging.
The architecture of cortical fiber tracts and connections of areas can be investigated by PLI [3] . The method is based on the birefringence properties of myelin sheaths. Using a polarimeter, the spatial orientations of fibers are measured in unstained sections of formalin-fixed brains and are subsequently reconstructed across the sections. Tractographic algorithms then allow for the three-dimensional reconstruction of fiber trajectories. The spatial resolution currently reaches approximately 1.3 × 1.3 × 60 μm.
Multimodal magnetic resonance imaging (MRI) in combination with semi-automatic anatomical approaches provides a mapping of the brain on the basis of imaging data of the Human Connectome Project [17] . This map contains about 180 areas that can be reproducibly identified. More difficult is the interpretation of the areas, because the myelin content of the gray matter as well as the white matter and other functional parameters contribute to this parcellation.
Myelin density has been mapped for the whole cerebral cortex [26] based on previous myeloarchitectonic studies, particularly the classic work of Oskar and Cecile Vogt. The generated two-dimensional map was subsequently registered to the three-dimensional MNI305 standard space, and the density of myelinated fibers was estimated based on a metaanalysis of the data of Hopf.
Relations between cortical architecture and connections
Both cortical cytoarchitecture as well as cortical connectivity form complex patterns. Therefore, initially it appears as an almost impossible task to connect the two. Fortunately, however, there exist generic principles that link both aspects of cortical organization.
In systematic studies, we have investigated the relation of different structural parameters of brain architecture (e. g., the spatial separation of areas or their similarity in cortical density, lamination, or thickness) to features of connections. We found that the structural similarity of cortical areas, in terms of the density of neurons across the cortical layers, is consistently correlated with the presence or 2 8 The fiber tract architecture of the Chlorocebus brain using 3D-PLI. The color wheel codes for the orientation of nerve fibers; black indicates a steep orientation angle of the tracts. The magnified inset shows fibers of the superior longitudinal fasciculus and the corpus callosum, angled steeply to the plane of sectioning. Section thickness is 60 μm, in-plane resolution, 1.3 μm [3, 27] . 3D-PLI allows for the detailed anatomical investigation and across-species comparison of fiber trajectories [36] absence of connections, as well as the origins or terminations of connections in the cortical layers. Such observations were made for connections of the prefrontal cortex in the macaque [4, 7] , for ipsiand contralateral cortical projections [6] as well as subcortical projections in the macaque brain [16] , for the visual cortex of the cat [21] and the macaque [22] , as well as the global cortical connectomes of the cat ( [9] ; . Fig. 4) , macaque [11] as well as mouse [18] . Initial results based on diffusion imaging suggest the presence of similar relations in the human cortico-cortical connectome [19] .
Other factors, such as the spatial separation (i. e., distance) of areas or the similarity of areas in thickness were not equally consistently related to the features of cortical projections as the architectonic similarity of areas. These findings suggest that the architectonic similarity of cortical areas is underlying a general wiring principle of macroscopic connections in the mammalian brain. This principle has important implications for the organization of cortical structure and function.
Implications of the relationship between cortical architecture and connectivity
The aforementioned systematic observations of a close relationship between cortical architecture and cortical connections in extensive anatomical datasets of different species (mouse, cat, macaque, and human) suggest general organizational principles of the mammalian brain. These findings demonstrate that the connectivity between different cortical areas and the cytoarchitecture of the areas, particularly the characteristic density of neurons in the cortical layers, are closely linked. The relationship may arise during the development of the cerebral cortex, because the development of the laminar cortical architecture and the growth of cortical projections proceed during the same time windows (e. g., [5] ).
The relation between cortical architecture and the organization of connections has functional implications. The arrangement of areas in the structural model (. Fig. 4 ) coincides with sequences of areas that can be derived from the e-Neuroforum 3 · 2016 59 Fig. 3 9 Cytoarchitectonic analysis of the brain by classical and modern approaches. a Mapping of cortical areas based on their regionally characteristic cytoarchitecture. Dorsal view of the human cerebral cortex in a classical cytoarchitectonic atlas [34] , b BigBrain Project (https:// bigbrain.loris.ca/main. php). Cell-body stained serial sections of a human brain with an isotropic resolution of 20 μm were three-dimensionally reconstructed, allowing for a comprehensive analysis of the patterns of cellular distributions and cortical layers [2] Fig. 4 8 Structural model of the cortico-cortical connectome of the cat.The figure shows macroscopic connections of the cat cortex in relation to gradients of types of cortical architecture. The types are arranged in rings, from outer, higher cytoarchitectonic types (with high neuronal density and clear laminar differentiation), to inner, lower types of low neuronal density and less clear lamination (here, "higher" and "lower" primarily refer to the apparent laminar differentiation of cortical areas). This concentric arrangement of areas also coincides with gradients of cortical organization from areas at the sensory-motor periphery (outer rings) to limbic areas (inner rings). The thickness of the lines corresponds to the ordinal strength of the cortico-cortical connections, and the line color to type differences between connected areas.The dominance of lighter (blue-yellow) connection colors indicates that most connections are formed between areas of similar type. Moreover, "rich club" areas (circled by white lines) are formed by areas of lower types. Generally, areas of lower types have more connections. From Beul et al. [9] ; also see this paper for area name abbreviations spectral (i. e., frequency-specific) functional interactions of the areas. Such functional couplings are, for instance, "feedforward" interactions proceeding in the gamma band, or "feedback" interactions that mainly occur in the beta band. Visual cortical areas can be sorted by their pairwise interactions in the gamma and beta bands. Interestingly, the strength of these frequency-specific interactions in the macaque brain is correlated with the quantitative distribution of projection neurons in the upper and deep cortical layers [8] . The relationship of cortical architecture and cortical connectivity implies that the laminar-specific anatomical protection patterns result from the architectonic differences of cortical areas (. Fig. 5a ). This means that there is a mechanistic connection between the characteristic anatomy of cortical areas and their communication in specific frequency channels. Therefore, the architectonic characterization of areas in the human brain might help to predict their functional interactions [24] .
Cortical areas of different cellular architecture also differ by their intrinsic micro-circuitry [10] . Therefore, the described wiring rules provide an integration of cortical macro-and micro-connectivity (. Fig. 5) . Particularly, the architecture of a cortical region reflects the region's intrinsic micro-connectivity as well as the rules of macroscopic connectivity by which the region is linked with other areas (of similar or different architecture). This integration of microscopic and macroscopic connection patterns specifies generic rules of multiscale connectivity of the cortex, on which basis new computational models can be developed. The first example of such a model was described by Schmidt et al. [29] . This model simulates the entire neuronal populations of cortical columns in different areas of the visual cortex of the macaque with all their microscopic and macroscopic connections (. Fig. 5b) . Compared with previous models that only approximated the local neuronal activities of areas, but did not fully simulate them, this detailed model has the advantage of a more correct representation of the population activities in second-order statistics [32] . The model is computation- II) . Such projections (red line) can be considered as "feedback" projections.Projections in the opposite direction ("feedforward", blue line) have complementary origin and termination patterns. By contrast, connections between architectonically similar regions (Dysgranular and Eulaminate I) have projection patterns that can be considered "lateral" (green lines). These connection rules allow for an integration of macroscopic and microscopic cortical connectivity, since the cytoarchitectonic differentiation of cortical areas reflects their extrinsic (macroscopic) connections as well as their intrinsic cellular circuitry.Agranular -an area without layer IV (e. g., area 24 in anterior ciculate cortex); dysgranular -an area for which layer IV is not clearly apparent as a separate layer (e.g., area 44 in the posterior part of the inferior frontal gyrus). The types of Eulaminate I and Eulaminate II are distinguished by a clearer laminar differentiation and substantially higher density of neurons particularly in the upper cortical layers of Eulaminate II areas (e.g., area 17). b Integration of microscopic and macroscopic connectivity of the cerebral cortex in a supercomputational multiscale model. Local, area-intrinsic circuits that are made up from a large number (ca. 10 5 ) of integrate and fire neurons are integrated across the different cortical areas via macroscopic connections [23, 29] ally expensive and needs to be simulated with the help of a supercomputer.
Such detailed models are an important foundation for the exploration of cortical organization principles and the prediction and validation of features of cortical connections and activity patterns. However, it remains an urgent challenge for the coming years to systematically and quantitatively acquire cortical architecture and connectivity in high resolution, in particular for the human brain, in order to derive organizational principles that can serve as the basis for the next generation of models of cortical structure and function. 
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